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to a single-mode output WG, Fig 1(b). Compared to the DFB laser, the spiral covers a much 
larger chip area, and hence provides a large overlap with a moderately focused pump beam 
that leads to relaxed alignment tolerances. The distributed-feedback resonator is formed by a 
straight strip WG with sidewall corrugations, Fig 1(c). The footprint of the DFB laser 
resonator is small; therefore many SiNOH lasers can be pumped simultaneously with one 
pump beam. The DFB structure supports lasing in basically two longitudinal modes spectrally 
located at both sides of the Bragg wavelength. Asymmetries or a quarter-wavelength defect 
reduces the number of lasing modes to one. Pump efficiency, threshold and spectral 
properties depend strongly on the modal gain and on the loss of the respective laser types. 
This is discussed in the next subsections.  
2.2 Gain and loss in SiNOH WG 
The power of the oscillating laser mode depends on the SiNOH WG loss and on the 
efficiency with which the pump is coupled to the active WG region. Assuming effective 
propagating properties, the waves experience a net power gain of ( )exp 2G g Lα= −    for 
one round-trip of length 2L  in the resonator. In the case of a ring resonator,  2L  denotes the 
ring perimeter, while for the case of a DFB laser L  represents the geometrical resonator 
Fig. 1. Basic concept of integrated Si3N4-organic hybrid (SiNOH) lasers. (a) SiNOH lasers feeding an array 
of waveguide-based sensors. The lasers are optically pumped from top by an external light source with an 
extended spot, without any need for high-precision mechanical alignment. Laser light is emitted directly into 
the Si3N4 single-mode WG and can hence be efficiently coupled to an array of on-chip sensors, here illustrated 
as Mach-Zehnder interferometers. The light from the sensor output is coupled out via grating couplers and 
captured by a camera. (b) SiNOH laser with spiral-shaped resonator. The WG consists of a Si3N4 core with a 
dye-doped organic cladding as a gain medium. An appropriate resonator design in combination with a suitable 
gain medium allows to realize various emission wavelengths λ1…n on the same chip. The ring resonator is 
coiled up into a spiral and couples evanescently to a single-mode output WG. (c) SiNOH laser with 
distributed-feedback resonator, formed by a strip WG with sidewall corrugations. 
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length. The modal power gain and loss coefficients are denoted by g  and α , respectively 
(unit 1cm− ). When lasing, the power gain is 1G = , i. e. g α= . 
The gain of the laser resonator results from the interaction of the evenanescent parts of the 
WG mode with the dye molecules in the organic top cladding, which are excited by the pump 
light. The simulated electric field magnitudes | |E
r
 of the quasi-TE and quasi-TM modes in 
the cross-section of a strip WG are shown in Fig. 2(a) and (b), respectively. 
Gain and loss in ring resonators Loss of the laser mode is caused by attenuation of the 
mode when propagating along the ring, and by the power output coupling 
2
rκ  to the bus 
WG [23]. The net roundtrip power gain and the net modal gain at threshold is therefore  
 
( ) ( ) ( ) ( )2 22 r re 1 1, 2 ln 1g LG g Lα ακ κ−= − = − −= − . (1) 
Gain and loss in DFB resonators The resonator mode can be described by two counter-
propagating waves. The grating couples these fields with a coupling factor κ . This coupling 
factor is real, because the penetration depth of the evanescent field follows the grating closely 
so that the amplifying volume remains virtually constant along the grating, Fig. 2(d),(e). For 
low gain, ( )12 g α− «κ , the first order resonances of a DFB laser are at the stopband edges, 
Fig. 2. Coiled-up Si3N4 ring resonator (spiral resonator) and Si3N4 DFB resonator on a SiO2 substrate. The WG 
cores are clad with an organic material. Simulated electric field magnitudes  and spectral transmission of 
the laser resonator. Field propagation is along the z-axis. (a), (b) Spiral resonator. Cross-section of strip WG 
with width w and height h. Fundamental quasi-TE mode (a), and fundamental quasi-TM mode (b). (d), (e) 
DFB resonator: Top view of corrugated strip WG with width w, height h, corrugation period a, and 
corrugation depth d. The fundamental quasi-TE mode fields are plotted for y = const. at half the WG height. 
Upper band edge with larger photon energy and short-wavelength resonance λup (d), lower band edge with 
smaller photon energy and long-wavelength resonance λlo (e). (c) Spiral resonator: Schematic power 
transmission between the input and the output of the straight bus WG (black solid line) as a function of the 
vacuum wavelength λ. Lasing occurs at the resonances (red dashed line) marked by notches in the 
transmission. (f) DFB resonator: Schematic power transmission between the input and the output of the 
corrugated section (black solid line) as a function of the vacuum wavelength λ. Lasing occurs at the 
resonances closest to the Bragg wavelength λB (red dashed lines).  
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and the net modal threshold power gain can be approximated by [22, Eq. (29), (6)]  
  ( )
2
2g
L
L
π
α
κ
 − =  
 
. (2) 
2.3 Design considerations 
For lasers operated in sensor applications, the important characteristics are the spectrum, the 
polarization, the threshold and the output power. These parameters are defined by the 
resonator, the properties of the laser gain medium, and the pump. 
Spectrum and polarization The organic gain medium is dominantly inhomogeneously 
broadened. If there is no longitudinal mode filtering, the laser emission wavelengths are 
determined by the spectral dependence of the laser dye emission as depicted in Fig. 3(d), red 
curve. 
With a ring-shaped laser resonator, the emission spectrum of the organic laser dye is 
longitudinally filtered according to the comb-shaped transmission spectrum with a free 
spectral wavelength range 20 egFSR ( )n Lλ=  centered at the operating wavelength 0λ , 
Fig. 2(c). In addition to the fundamental TE and TM mode, Fig. 2(a)(b), transverse modes of 
higher order can propagate in wider WG ( 400 nmw ≥ ). For the ring resonator we find one set 
of longitudinal modes for each transverse mode in each polarization. The amount of lasing 
modes can be reduced with additional filters. 
For a DFB grating with period a , the refractive index modulation along the waveguide 
can be described by an effective index modulation ( )e av Bsin(2 )n z n n zβ∆= + , an amplitude 
n∆ , and an average effective refractive index avn . The propagation constant is 
B Bπ2 avnβ λ=  at the Bragg wavelength vB a2 anλ = . The coupling strength of the grating 
for weak coupling is given by [22] 
 
B
nπ
κ
λ
∆
= . (3) 
The transmission spectrum of a DFB structure and its associated stopband can be seen in 
Fig. 2(f), black line. The transmission bandgap is centered at the Bragg wavelength 
vB a2 anλ = . For a grating with length L ma= , m is the amount of grating periods. The 
bandwidth λ∆  of the stopband for a first order Bragg grating is given by [22] 
 
av
2 2
2B
2
π
πn L
λ
λ κ +∆ = . (4) 
In a DFB grating, laser emission does not occur at Bλ  in the center of the stopband. However, 
two first-order longitudinal resonant modes are located at the stopband edges, Fig. 2(f), red 
dashed line, and lead to laser oscillation. If a quarter-wavelength shift is included in the center 
of the Bragg grating, i. e., if a defect is introduced in the periodic structure, laser emission 
occurs only at the Bragg wavelength, where the resonator loss is minimum. 
As with the ring resonator, we find one set of longitudinal modes for each transverse 
mode in each polarization. 
Laser threshold and output power The estimation for the net modal threshold power gain, 
Eq. (1),(2), holds for laser modes in inhomogeneously broadened gain media, as longitudinal 
modes do not compete for gain. The organic gain medium emission is inhomogeneously 
broadened, while in a sufficiently small wavelength range the transitions are homogeneously 
broadened. Within that range all longitudinal modes compete for gain and finally the mode 
with the largest net gain oscillates. The more modes are competing, the higher the threshold 
for the dominant mode becomes. The two lasing modes of DFB lasers without quarter-
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the DFB grating is measured by coupling the light of a white light source (SuperK, NKT 
Photonics) via the grating coupler, and by capturing the transmitted light at the output with 
the lensed fiber which illuminates the spectrometer. 
4.2 Spiral laser 
The ring resonator has a perimeter of L = 17.5 mm and consists of a densely packed double 
spiral for optimally filling the pump spot area, Fig. 5(a)-(c). The pump beam has a Gaussian 
profile with a full-width half-maximum spot size of 200 µm. The curvature of the spiral-
shaped WG is limited to a minimum radius of 80 µm by the bending loss which can be 
tolerated. To avoid high propagation loss for the fundamental TE and TM modes, the WG are 
multimoded with a width of MM 500 nmw =  (MM, black lines in Fig. 5(a)-(c)), leading to a 
loss of 4.6 dB/cm for the straight WG sections. This WG width implies a stronger 
confinement of the optical field to the WG and therefore a lesser overlap with the gain 
medium. Thus one would expect a smaller gain than could be achieved with narrower WG. 
However, we found that the single-moded WG have a larger loss of 6.7 dB/cm, leading to 10 
to 20 times larger thresholds than for multimoded spirals. We suppress the oscillation of 
higher order transverse modes by single-mode filters (orange lines in Fig. 5(a)-(c)), which are 
inserted in the center of the spiral (curvature radius 40 µm) and as a loop in the coupling 
section between spiral and straight bus WG. 
In a first step, we measure the lasing threshold of the spiral laser with a loop at the end of 
the spiral WG, Fig. 5(a). The (green) pump spot overlaps partially with the spiral’s 
evanescent field which reaches into the laser-active material. However, much of the pump 
energy remains unused. Figure 5(d) shows the normalized lasing spectrum, integrated over 
2s  and for a pump pulse energy of 715 nJ . The FSR of the spiral-shaped ring is 
SpiralFSR 10 pm=  corresponding to 8.3 GHz (spectrometer resolution 60 pm). Lasing occurs 
only in a small range ( 590nm to 610nm ) of the spontaneous emission spectrum of the laser 
dye, but the center of the lasing spectrum changes from integration interval to integration 
interval. Possibly mode competition could play a role, but the true reason is not yet known. 
We further integrate over all spectral line shapes and depict the calculated normalized output 
power as a function of the pump pulse energy W , Fig. 5(g). No significant fluctuation of the 
total power is observed which supports the idea of mode competition. We find a laser 
threshold of 312 nJ, corresponding to a pump fluence of 2400µJ cm for the area occupied by 
the spiral WG.  
Fig. 4. Measuring the threshold and the spectrum of SiNOH lasers. The SiNOH laser is pumped with a free-
space beam from a pulsed laser which is focused by a lens L1 on the SiNOH laser. The pulse energy of the 
pump laser is varied by rotating a half-wave plate with respect to a fixed linear polarizer P1. A beam splitter 
BS transmits half of the pump emission to an energy meter. The SiNOH laser emission is coupled from the 
chip by a lensed polarization-maintaining (PM) fiber. A collimator C and a refocusing lens L2 direct the light 
to a spectrometer. When measuring a spiral laser, a rotatable linear polarizer P2 is inserted in the collimated 
portion of the beam for selecting the proper polarization of the lasing modes. The lensed fiber is adjusted with 
the help of an auxiliary alignment laser at 635 nm which is coupled to the bus WG (spiral laser) or to the 
corrugated WG (DFB laser) through a grating coupler. 
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Next we investigate a spiral laser, where the coupling loop of Fig. 5(a) is expanded to be a 
small ring resonator with RingFSR 660pm=  corresponding to 540 GHz, Fig. 5(b). The pump 
overlap with the laser-active volume is the same as in Fig. 5(a). Figure 5(e) shows the lasing 
spectrum for a pump pulse energy of 87 nJ . Lasing occurs for the fundamental TM mode 
(blue), and for the fundamental TE mode (red) according to multiples of RingFSR . The 
spectrum differs greatly from Fig. 5(d) and it is stable from integration interval to integration 
interval. We attribute this to the fact that the homogeneous line width of the dye is smaller 
than RingFSR  so that different modes to not compete for gain. As a consequence, the pump 
energy at threshold, Fig, 5(h), is smaller than for the case of modes competing for gain as in 
Fig. 5(a), (d), (g). Figure 5(h) shows further that TM-polarized lasing modes have lower 
thresholds (53 nJ) than TE-polarized modes (62 nJ), corresponding to pump fluences of 
256µJ cm (TM) and 265µJ cm (TE) at the laser-active area of the spiral. This is attributed 
Fig. 5. Spiral laser. Threshold and lasing spectra for different mode filters and pump spot sizes. (a)-(c) 
Resonator geometries and pump spots (green). A transverse mode filter (orange) is implemented by tapering 
down the multimode spiral-shaped resonator WG from 500 nm width to 300 nm for single-mode propagation. 
(b),(c) A coupled ring resonator acts as a longitudinal mode filter and reduces the number of lasing modes in 
the spiral resonator. A pump spot size in the order of the spiral diameter wastes pump energy (a),(b). Focusing 
the pump spot to an area with high WG density (c) decreases the threshold. (d)-(f) Emission spectra. In (d) 
the scaling of the vertical axis differs from the scaling in (e),(f). If the small ring resonator is present, its FSR 
determines the lasing lines. (g)-(i) Laser output power as a function of the total pump pulse energy W 
(theshold energy Wth). The pump has a Gaussian spot which (partially) overlaps with the area occupied by the 
spiral resulting in an overlap pump energy Wov, upper horizontal axis. In (g) the scaling of the axes differs 
from the scaling in (h),(i). An additional ring filter with a round trip propagation loss of 1 dB (4 dB/cm, 
Q = 5×103) decreases the theshold by a factor of 6 compared to (g), where only the spiral with a round trip 
propagation loss of 6 dB exist (3.5 dB/cm). By enhancing the overlap of the pumpspot with the spiral the 
threshold further decreases by a factor of 1.5, and the slope of the laser characteristic is increasing.  
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to the fact that TM-polarized modes transport a larger fraction (0.2) of cross-sectional power 
in the gain medium outside the WG core than the TE modes (0.17). In addition, the loss for a 
TM-polarized mode (high electric field strengths at the smooth upper surface) is smaller than 
for a TE-polarized mode (high electric field strengths at the rough sidewalls).  
The differential quantum efficiency Eq. (5) increases significantly as is seen by comparing 
the slopes in Fig. 5(g) and Fig. 5(h). The reason is that the photon lifetime for the 
combination of filter ring and spiral in Fig. 5(h) is much larger than for the spiral of Fig. 5(g) 
alone, while the outcoupling to the bus WG is the same in both cases. The ratio indη  of 
induced and total emission in Eq. (5) sees a comparable mode number in both cases  
The threshold of the spiral laser can be further decreased by increasing the overlap of the 
pump spot with the spiral WG. One way is to focus the pump spot to an area with densely 
spaced WG, Fig. 5(c), green spot, so that the effective pump fluence increases. The emission 
spectrum shows similar properties compared to Fig. 5(e). The lasing threshold, however, is 
1.5 times smaller for the focused pump spot, and the corresponding pump fluence at threshold 
is 2980µJ cm , Fig. 5(i). However, this is not a fair comparison, because the pump energy is 
more efficiently used in the setting of Fig. 5(c) than in the one of Fig. 5(b). 
We therefore better discuss the fraction ovW of the pump pulse energy that overlaps with 
the spiral WG, upper horizontal of Fig. 5(h),(i). With respect to ovW  the threshold for both 
cases is the same, and this confirms the conclusion from Fig. 3d that the reabsorption in the 
unpumped regions is small. However, the differential quantum efficiency is larger for the 
focused pump beam, because the active volume is smaller and indη  therefore larger, see text 
after Eq. (4).  
4.3 Distributed feedback laser 
Sidewall corrugations of a waveguide scatter light and establish a distributed feedback (DFB) 
resonator, Fig 6(a). The DFB structure has a length L, a width w, and the corrugations have a 
depth d and a period a. The feedback strength is κ , Eq. (3), and the separation of the lowest-
order lasing modes is λ∆ , Eq. (4). The active medium of the DFB laser is pumped from top 
with an elliptical pump spot.  
Figure 6(b), black line, shows the typical transmission spectrum of a passive DFB 
resonator measured by coupling the light of a super continuum laser (SuperK Versa, NKT 
Photonics GmbH) to the GC, and detecting the transmitted light with the spectrometer, Fig. 4. 
The resolution bandwidth (RBW) is as large as 260 pm, because the super continuum source 
is limited in power. As a consequence, the transmission maxima at the band edges are blurred. 
The emission spectrum of the pumped resonator is depicted in the same figure, red line and 
shows two lasing modes with 1.2 nmλ∆ = spectral distance. The induced gain and a 
temperature rise leads to a red shift as compared to the cold resonator. For better visualization 
the transmission spectrum was redshifted by 0.2nm . A dominant mode occurs at the lower 
bandgap edge for lower photon energies, loTE , whereas the upper bandgap lasing mode, 
upTE , is less pronounced.  
The laser output power for and was measured as a function of the pump pulse energy W, 
Fig. 6(c). The dominant laser mode of Fig. 6(b), filled red circles, starts lasing for lower pump 
pulse energies th,lo 32nJW =  than the less pronounced one with th,up 41nJW = , open red 
circles. The differential quantum efficiency Eq. (5) is larger for the loTE   mode than for the 
upTE  mode. In an ideal DFB laser both modes would have the same net gain und therefore 
the same threshold and the same differential quantum efficiency. Due to fabrication 
inaccuracies the corrugation is positioned slightly asymmetrically with respect to any end face 
reflections so that one of the modes becomes dominant. As both modes are amplified, the 
homogeneous line broadening of the dye must be smaller than the spectral separation of the 
DFB resonator modes. 
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Figure 6(d) shows transmission spectra for DFB resonators with different corrugation 
depths d, having otherwise the same geometry as in Fig. 6(b) for TE (red lines) and TM 
modes (blue lines). Thus the coupling strength κ was varied, but also the average WG width 
wav = w + d / 2. The bandgap centers for TE modes occur (16…18) nm redshifted from the 
ones of TM polarized modes. The width w of the WG core is 2 times larger than its height. 
This leads to a larger confinement and therefore to a larger avn  for TE polarized modes. With 
increasing d the average WG width wav and the effective index avn  increase. This increase is 
stronger for TE than for TM modes. As a consequence, the center wavelength vB a2 anλ =  
increases stronger for TE than for TM modes. The bandwidth λ∆  is slightly larger for TM 
polarized modes than for TE polarized modes for the same d. This means that the grating 
strength is larger for TM modes. 
The threshold pump pulse energies for different coupling strengths κ and different 
lengths L=ma are shown in Fig. 6(e) for TM polarization, blue circles, and for TE 
polarization, red circles. From simulated effective indices for a homogeneous WG with 
widths w and w + d we calculate ∆n and the coupling strengths κ according to Eq. (3). For a 
better comparison, only the fraction of the pump pulse energy th,ovW  is considered that 
overlaps with the DFB resonator. With the assumption ( )th,ovW Lg α∝ − , guidelines were 
vertically fitted for both polarizations according to Eq. (2) for low gain (κL large). With the 
same vertical scaling we used the numerical solution [22, Fig. 8] for high gain (κL small). A 
dashed spline connects both partial curves. 
Fig. 6. Transmission and threshold for DFB resonators with various geometries. (a) Schematic of a DFB 
section with length L, corrugation depth d, period a, and width w. Parameters for Fig. 6(b)-(e). (b) 
Normalized DFB WG transmission (black line, RWB = 260 pm) and normalized spectrum (red line, 
RBW = 60 pm) of a DFB laser. The lasing modes are located at the edges of the stopband which are blurred 
because of the coarse resolution. The dominant laser mode occurs at the lower (in frequency terms) stopband 
edge TElo. The lasing mode at the upper stopband edge TEup, has much less power. (c) Laser characteristics. 
The dominant laser mode TElo starts lasing for lower pump pulse energies (•, Wth,lo =  32 nJ, left vertical axis) 
than the weak mode TEup at the upper stopband edge (○,Wth,up = 41 nJ, right  axis). The horizontal upper axis 
gives the fraction of the pump pulse energy Wov that overlaps with the DFB structure. (d) Normalized DFB 
WG transmission for TE (red lines) and TM polarization (blue lines) for different corrugation depths d. The 
larger d becomes, the wider the stopband width ∆λ is. ∆λ  is larger for TM compared to TE polarization for the 
same corrugation depth d. (e) Threshold pump pulse energies for different coupling strengths κL for TE and 
TM polarization. Only the fraction of the energy Wov of the pump beam that overlaps with the geometrical 
DFB structure is considered. The laser threshold decreases for larger κL. For TM polarization it decreases 
faster than for TE polarization. This can be explained by the larger overlap of the TM mode with the gain 
medium and by the lesser propagation loss compared to the TE polarized mode. 
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The laser threshold decreases for larger Lκ . For TM polarization it decreases faster than 
for TE polarization. This can be explained by the larger overlap of the TM polarized mode 
with the gain medium compared to the TE polarized mode. In addition, the propagation loss is 
expected to be smaller for TM polarized modes as large field strengths are located at the 
smooth upper surface of the WG core. For TE polarized modes, large field strengths are 
located at the rather rough sidewalls of the WG core. Low thresholds of th,ov 0.3 nJW <  are 
reached with total coupling strengths 15Lκ > . The pump fluences on the resonator at 
threshold are 2(40...60)µJ cm . 
Note that a lower threshold does not necessarily lead to higher differential quantum 
efficiency. If the feedback is very strong, Rτ  becomes much larger than ατ , Eq. (5), i. e., all 
light will be confined in the laser resonator, and there is no efficient outcoupling. 
Nevertheless, this effect could not be seen within our resonator study. 
In order to achieve single mode lasing, DFB lasers with a quarter-wave shift /4(DFB )λ  at 
2L  were investigated. The half-period ( / 4)λ  shift in the center of the grating induces a 
/ 2π  phase shift, which leads to a lasing at the Bragg wavelength Bλ . Figure 7(a) shows a 
schematic of a DFB section with quarter-wave shift in the middle, with total length L, 
corrugation depth d, period a and width w. 
Figure 7(b), black line (RBW = 260 pm), shows the typical transmission spectrum of a 
passive /4DFBλ  resonator with 3.4Lκ = . The emission spectrum of the pumped resonator is 
depicted in the same figure, red line, RBW = 60 pm. Although there is no characteristic 
transmission peak at Bλ  in the middle of the transmission stopband, the laser mode occurs at 
Bλ . Because for the white-light measurement the resolution of the spectrometer could not be 
chosen sufficiently high, the transmission peak in the stopband cannot be seen in the black 
curve. 
The laser output power was measured as a function of the pump pulse energy W, Fig. 7(c). 
The single laser mode starts lasing for pump pulse energies th 33nJW =  ( th,ov 0.07nJW = ), 
which is comparable to the threshold of the DFB gratings with large Lκ  in Fig. 6(d). The 
pump fluence on the resonator at threshold is 264µJ cm . 
Besides the lasing mode located at Bλ , the two “DFB lasing modes” located at the edges 
of the bandgap, Fig 6(b), can be amplified with lesser gain, if there is no competition for gain. 
As both “DFB modes” are not amplified for higher pump energies, the homogeneous line 
broadening of the dye must be larger than the spectral separation of the /4DFBλ  modes. From 
Fig. 7. Transmission spectrum and threshold of a DFBλ/4 laser. (a) Schematic of a DFB 
section with λ/4 shift at L/2, total length L, corrugation depth d, period a, and width w. The 
half-period (λ/4)  shift in the center of the grating induces a π/2 phase shift, which leads to 
lasing at the Bragg frequency. Parameters for Fig. 6(b),(c). (b) Normalized transmission 
spectrum (black line, RBW = 210 pm) and laser emission (blue line, RBW = 60 pm) for a TM 
polarized mode. The lasing mode is located at λB in the middle of the stopband. The expected 
transmission peak at λB cannot be see, because the resolution of the spectrometer could not be 
chosen sufficiently large. (c) Laser characteristics: The TM laser mode starts lasing for pump 
pulse energies Wth = 33 nJ. The horizontal upper axis shows the fraction of the pump pulse 
energies Wov that overlaps with the DFBλ/4 laser.  
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